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In Brief
Cells are large in rich media and small in poor media. Here, Chica et al. show that the greatwall-endosulfine pathway couples the nutritional environment to the cell-cycle machinery by regulating the activity of PP2A$B55. This pathway links cell growth (TORC1) with cell division (Cdk1) and controls cell size homeostasis in fission yeast INTRODUCTION Rod-shaped fission yeast cells are convenient for studying cell size control because they grow by tip elongation, maintaining a constant diameter [1] . Therefore, cell volume is proportional to cell length. In a classic paper published 39 years ago, Fantes and Nurse [2] described that in fission yeast, the cell size necessary for cell division is determined by the growth conditions. When fission yeast cells are shifted from a nitrogen-rich to a nitrogen-poor medium, they are advanced into mitosis and divide at a smaller cell size. By contrast, when they are shifted from a nitrogen-poor to a nitrogen-rich medium, cell size increases. Thus, fission yeast cells are large in nitrogen-rich media and small in nitrogen-poor media. This finding has been shown to be true also in proliferating tissue culture cells [3, 4] and in multicellular organisms; for instance, wild-type flies fed under nutrient-limiting conditions develop to approximately half the size of their well-fed counterparts [5] . This reduction in body size is caused by a decrease in cell size, rather than in cell numbers. The molecular mechanism underlying this response is poorly understood.
The regulation of cell growth by nutrients is controlled by the highly conserved TORC1 pathway, which promotes growth by enhancing anabolic processes, including ribosome biogenesis and protein translation, while inhibiting catabolic processes, such as autophagy and the general stress response [6] . Here we show that in wild-type fission yeast cells growing in rich medium, TORC1 is a powerful inhibitor of the greatwall-endosulfine (Ppk18-Igo1) pathway, hence allowing full activity of PP2A$B55, which, as in Drosophila, Xenopus, and mammalian cells, counteracts CDK activity in G2 [7] [8] [9] , resulting in larger cells. However, when these cells are shifted to poor medium, the downregulation of TORC1 allows the activation of greatwall (Ppk18), which phosphorylates endosulfine (Igo1) to inhibit PP2A$B55, resulting in premature CDK activation and accelerated entry into mitosis. Accordingly, we provide a simple mechanism for coupling cell size to the nutritional environment by modulating the activity of the greatwall-endosulfine-PP2A pathway on the cell-cycle machinery.
RESULTS

The Fission Yeast Endosulfine Igo1 Is Required to Advance Entry into Mitosis upon Nutritional Shift-down
Fission yeast monitors its cell size at the end of G1 (G1/S size control) and at the end of G2 (G2/M size control or mitotic size control) [2, 10, 11] . In wild-type cells growing in nitrogen-rich medium (yeast extract or minimal medium with ammonium chloride or glutamate as a nitrogen source), the size threshold to enter mitosis is high, and the G1/S size control is cryptic because cell division produces daughter cells with a size greater than the minimum required to initiate S phase. In these conditions, G2 is long and G1 is short [10] [11] [12] . However, the cell size threshold to enter mitosis is greatly reduced when wild-type cells are shifted to medium with a poor nitrogen source, such as minimal medium with proline [2, 13] , isoleucine, or phenylalanine [14] . In these conditions, wild-type cells initiate mitosis at a reduced cell size, generating two daughter cells that are smaller than the critical size threshold required to progress through G1/S [2, 12] (Figures 1A and 1B) . These small cells grow during G1 in order to reach the G1/S size threshold, and they show a 1C G1 population ( Figure 1C , wild-type).
We identified igo1/mug134, encoding the fission yeast endosulfine ortholog (http://www.pombase.org), as a gene involved in the nutritional response that advances mitosis when cells are shifted from rich minimal medium with glutamate (MMGlu) to poor minimal medium with phenylalanine (MMPhe). Contrary to wild-type cells, igo1D mutant cells did not accelerate entry into mitosis after the nutritional shift-down. Instead, these mutant cells continued to grow in G2 and divided with a larger cell size than the wild-type ( Figures 1A and 1B) , and they did not show a 1C G1 population in either minimal medium with isoleucine (MMIle) or MMPhe ( Figure 1C, igo1D) . This suggests that in fission yeast, Igo1 is part of the mechanism that advances cells into mitosis when nitrogen is limiting.
The Fission Yeast Greatwall-Endosulfine Pathway Is Involved in the G2/M Size Control Endosulfines are small phosphoproteins, highly conserved from yeasts to humans, that specifically bind to and inhibit the PP2A$B55 protein phosphatase subcomplex [8, 9] . PP2A$B55 has been shown to be cell-cycle-regulated in Xenopus, following the opposite pattern of activity to Cdk1$Cyclin B (high in interphase and low in mitosis) [15] . In higher eukaryotic cells, the phosphorylation of endosulfines (ENSA and Arpp19) by greatwall kinase (MASTL in mammalian cells) inhibits PP2A$B55 and promotes entry into mitosis [8, 9] . Ppk18, Cek1, and Ppk31 are the fission yeast protein kinases with the highest degree of homology to greatwall. Cells deleted for ppk31 behaved essentially like the wild-type when they were grown in MMPhe (data not shown), whereas cells deleted for cek1 also reduced their cell size, albeit to a lesser extent than the wild-type ( Figure 1D ). On the contrary, cells deleted for ppk18D and the double mutant ppk18D cek1D did not undergo a reduction in cell size, and their cell length and DNA content in MMPhe was similar to that of the igo1D mutant ( Figures 1D-1F ). These results are consistent with the idea that Ppk18 and Igo1 are required to promote entry into mitosis upon nitrogen deprivation and that Ppk18 is the main fission yeast greatwall kinase, whereas Cek1 could play a minor role as a greatwall kinase.
The Ppk18-Igo1 Signaling Pathway Acts Upstream from PP2A and Promotes Entry into Mitosis In fission yeast two genes, ppa1 and ppa2, encode the catalytic subunit of PP2A and one gene, pab1, the B55 regulatory subunit [16, 17] . Deletion of ppa2 is viable and shows a semi-wee phenotype, whereas deletion of ppa1 is only slightly smaller than the wild-type [16] (Figure 2A ), suggesting that Ppa2 plays a major role and Ppa1 a minor role in regulating the G2/M transition. The double mutant ppa1D ppa2D is lethal, producing small wee cells that die by mitotic catastrophe [16] . Consistent with a role of PP2A$B55 as a negative regulator of the G2/M transition, reduced expression of pab1 (B55) from the thiamine repressible nmt1 promoter (version 41) also generated cells smaller than the wild-type ( Figures 2B and 2C) . igo1D, which were grown on MMGlu+T (promoter repressed, low levels of GST-Pab1), at 32 C.
Scale bar, 10 mm. The numbers in the images indicate the average length of 100 septated cells ±SD (shown in mm; n = 100; means p < 0.001 determined by independent-samples t test). See also Figure S1 .
Ppa2 interacts genetically with the cycle regulators wee1 and cdc25, because the ppa2D mutant is lethal in combination with wee1-50 and partially suppresses the cdc25-22 temperature-sensitive alleles [18, 19] (unpublished data). Consistent with these data, deletion of igo1 generated the opposite phenotypes; igo1D suppressed the phenotype of wee1-50 and enhanced the elongated and ts phenotype of cdc25-22 ( Figure S1 ). Double mutants igo1D ppa2D and igo1D nmt1 (41) :pab1 displayed a small cell size in MMGlu containing thiamine, similar to the size of the ppa2D single mutant ( Figure 2D ), suggesting that Igo1 operates upstream from Ppa2 and Pab1.
Moderate Overexpression of Ppk18 Promotes Entry into Mitosis
If Ppk18 (greatwall) and Igo1 (endosulfine) act on the same pathway to inhibit PP2A, then the hyperactivation of Ppk18 should advance entry into mitosis, generating small cells, even in rich medium. In order to test this hypothesis, we overexpressed ppk18 in cells growing in rich medium (MMGlu). Moderate overexpression of ppk18 generated small cells ( Figure 3A ) with a phenotype reminiscent of cdc25 overexpression [20] or the inactivation of wee1 [21] . This phenotype was dependent on the presence of Igo1, since overexpression of ppk18 in cells lacking Igo1 did not undergo a reduction in cell size ( Figure 3A) . Moreover, cells overexpressing ppk18 showed a cell-cycle delay in G1 (Figure 3B ), indicating that moderate overexpression of ppk18 only affects the G2/M and not the G1/S size control. Moderate overexpression of cek1 from the same promoter has only a minor effect on cell size reduction (11.37 ± 0.92) compared with overexpression of ppk18 (8.88 ± 0.90) and did not generate cells with 1C DNA content ( Figures 3A and 3B ). Taken together, these results suggest that Ppk18 and Igo1 are positive regulators of the G2/M transition in fission yeast.
Igo1 Is Rapidly Phosphorylated at Serine 64 upon Nitrogen Deprivation or Starvation
In Xenopus and mammalian cells, phosphorylation of ENSA by greatwall at serine 67 promotes its binding to and inhibition of PP2A$B55 phosphatase [8, 9] . The equivalent serine in Igo1 is serine 64 ( Figure 4A ). We raised antibodies to the C-terminal peptide (C-GASSRRESVTRHDLE) and to a peptide containing the phospho-Ser64 epitope (C-GRKYFDSpGDYALNNK) in Igo1. Using these antibodies, we found that the levels of Igo1 protein and of phosphorylated Igo1 at Ser64 increased when wild-type cells were shifted from MMGlu to MMPhe ( Figure 4B and Table S1 ). The phosphorylated band was not detected in the igo1-S64A mutant ( Figure 4B ), and this mutant showed a phenotype similar to that of igo1D ( Figures 4C and 4D ). These results indicate that the greatwall-endosulfine pathway is activated in response to nitrogen deprivation in fission yeast.
Phosphorylation of Igo1 was severely impaired in cells deleted for ppk18 or expressing a kinase-dead version of ppk18 (ppk18-K595A or ppk18-KD) but was still present in cek1-deleted cells ( Figure 4B ), consistent with the idea that Ppk18 is the main greatwall kinase that phosphorylates Igo1 in medium with low nitrogen.
In order to investigate the kinetics of Igo1 phosphorylation, we performed a time-course experiment on cells shifted from MMGlu to MMPhe. As indicators of the nutritional shift-down, we determined the decrease in the phosphorylation of fission yeast ribosomal protein S6 (Rps6) [22] and the increase in the Ser52 phosphorylation of eukaryotic initiation factor 2a (eiF2a) [23] . As shown in Figure 4E , the levels of Igo1 phosphorylated at Ser64 increased rapidly by 1 hr after the shift, with a kinetic similar to the phosphorylation of eiF2a at Ser52. The phosphorylation of Igo1 at Ser64 was fully dependent on Ppk18, since cells lacking this kinase were unable to phosphorylate Igo1 (Figure 4F ). We also counted the percentage of cells in mitosis (cells in anaphase after DAPI staining) and the percentage of cells dividing (cells septating after blankophor staining) in wild-type, igo1D, and igo1-S64A mutant cells. In agreement with previously published data [2, 13] , we observed a peak of mitotic cells 80 min after the shift in the wild-type, which was followed by another peak of dividing cells at 120 min (Figures 4G and 4H and Movie S1), which correspond to the population the cells that were advanced into mitosis. These peaks were absent in the igo1D and in the igo1-S64A mutant (Figures 4G and 4H and Movie S2). Moreover, a peak in G1 cells (1C DNA content) was observed 4 hr after the shift only in the wild-type, and not in igo1D, igo1-S64A, or ppk18D mutants ( Figure 4I ). Together, these data indicate that upon nitrogen shift-down, the Ppk18-dependent Igo1 phosphorylation at Ser64 is required to accelerate mitotic entry and cell division, resulting in small cells with a G1/S and G2/M size control. We next performed a complete nitrogen starvation experiment by shifting wild-type and igo1D mutant cells from MMGlu to MM without nitrogen (MM-N). Ppk18-dependent phosphorylation of Igo1 was observed 30 min after the shift in wild-type cells ( Figure 4J ). These cells underwent cell division and a reduction in cell size, and they eventually arrested in G1. By contrast, this nutritional response was abolished in igo1D, igo1-S64A, and ppk18D cek1D cells ( Figure S2 ). As a consequence, igo1D mutant cells remained in G2, and mating efficiency was reduced to approximately 50% of the wild-type ( Figure 4K) . A short G2 and a long G1 are advantageous for fission yeast cells when nutrients are scarce because only G1 cells can mate and form spores that can survive starvation. Therefore, the Ppk18-Igo1 pathway allows an optimal response to nitrogen starvation, an acceleration of mitosis, and G1 arrest prior to conjugation.
The Ppk18-Igo1-PP2A Pathway Links TOR to Mitotic Size Control In budding yeast, the greatwall ortholog Rim15 is required for entry and survival in G0 stationary phase [24, 25] , for extension of the chronological lifespan [26] , and for gametogenesis [27] . Upon nutrient limitation, Rim15 enters the nucleus and phosphorylates the endosulfine paralogues Igo1 and Igo2 [28] , which directly inhibit PP2A$Cdc55, maintaining the Gis1 transcription factor in an active phosphorylated state, which promotes the expression of target genes required for the survival in G0 [28] . Rim15 integrates signals from nutrient-dependent protein kinases (PKA, TORC1, and Pho85), which inhibit its activity. In response to nitrogen, TORC1 promotes the phosphorylation and inhibition of Rim15 [25] .
We tested whether, as in budding yeast, the fission yeast Ppk18 is negatively regulated by TORC1. First, we used a temperature-sensitive allele of tor2 (the catalytic subunit of TOR complex 1, TORC1). The tor2-51 mutant grows and divides like the wild-type at 25 C. However, when shifted to 35 C, tor2-51 mutant cells stop growth and undergo premature entry into mitosis, cell size reduction, and cell-cycle delay in G1, reminiscent of the nitrogen starvation response [29] . When wild-type and tor2-51 mutant cells were shifted from 25 C to 35 C, Ppk18-dependent phosphorylation of Igo1 in the tor2-51 mutant was detected at 35 C, but not at 25 C ( Figure 5A ), suggesting that TORC1 negatively regulates Ppk18 in fission yeast. As expected, the temperature-sensitive tor2-51 mutant showed a reduced cell size at 35 C ( Figure 5B ). However, the size of tor2-51 igo1D double mutant was greater than tor2-51 and closer to the size of the wild-type or igo1D ( Figure 5B ), indicating that Igo1 is required for the reduction in cell size after TORC1 downregulation.
Rapamycin and Torin, two well-characterized TOR inhibitors, also induced activation of the Ppk18-Igo1 pathway ( Figures 5C  and 5D ). Phosphorylation of Igo1 at Ser64 was detected as early as 30 min after the addition of the drugs, in parallel with the reduction in S6 kinase activity, and was dependent on the presence of Ppk18 (Figures 5C and 5D ). In sum, these results indicate that, as in budding yeast, fission yeast TORC1, which responds mainly to nitrogen, inhibits the greatwall-endosulfine pathway.
Therefore, active TORC1, in nitrogen-rich medium, allows the full activation of PP2A$B55 by inactivating Ppk18-Igo1. High PP2A$B55 activity sets the G2/M size threshold at maximum levels by inhibiting the Cdc25 mitotic activator and activating the Wee1 mitotic inhibitor. When nutrients are reduced, inactivation of TORC1 allows the activation of Ppk18-Igo1 to decrease the activity of PP2A$B55, promoting the acceleration of the G2/M transition.
Sck2 S6 Kinase Negatively Regulates Ppk18 TORC1 phosphorylates and activates the budding yeast S6 kinase ortholog Sch9, which in turn phosphorylates and inhibits Rim15 [25, 30] . In fission yeast, there are three protein kinases highly related to budding yeast Sch9 and S6 kinase in animal cells: Sck1, Sck2, and Psk1 [22] . In order to test whether any of these kinases play a role on cell size regulation in fission yeast, we measured the cell size of mutants lacking or overexpressing sck1, sck2, and psk1. Cells lacking sck2 were shorter and cells overexpressing sck2 were larger than wild-type cells in rich medium [31] (Figure 6A ). Overexpression of sck2, and to a lesser extent overexpression of sck1, inhibited Ppk18 activity in vivo in cells growing in MMPhe where Ppk18 is active ( Figure 6B , lanes 4 and 6), suggesting that Sck2 (and to a lesser extent Sck1) could phosphorylate and inactivate Ppk18. Consistent with this result, fission yeast cells lacking Sck2 showed increased phosphorylation of Igo1 compared to the wild-type in nitrogen-rich medium ( Figure S3) .
Phosphoproteomic analyses have shown that Ppk18 is highly phosphorylated in vivo in cells growing in rich medium [32, 33] . The Ppk18 protein sequence contains several potential phosphorylation sites for S6 kinase (RXRXX[ST]; S1010, S1012, and S1020) and for protein kinase A ([RK][RK]X[ST]; S498, T587, S1020, and S1141) [34] . Mutation of these sites to alanine (ppk18-2A S6K -S1010A S1012A-, ppk18-4A PKA/S6K -S498A T587A S1020A S1141A-, and ppk18-6A PKA/S6K -S498A T587A S1010A S1012A S1020A S1141A-) resulted in a progressive decrease in cell size ( Figure 6C ) and a progressive increase in Igo1-S64 phosphorylation ( Figure 6D and Table S1 ), suggesting a negative role of the S6 kinase and PKA on Ppk18 activity (Figures 6C and 6D) . Together, these results indicate that fission yeast Sck2 kinase could phosphorylate and inhibit Ppk18 in nitrogen-rich medium.
Ppk18 Phosphorylates Igo1 at Serine 64 to Inhibit PP2A$B55 Our genetic and physiological data is in agreement with published work in budding yeast, Drosophila, Xenopus, and mammalian cells indicating that greatwall phosphorylates endosulfine to inhibit PP2A$B55 [8, 9, 27, 28, 35] . To test whether Igo1 is a direct target of Ppk18, we performed Ppk18 in vitro kinase assays using purified recombinant Igo1 and Igo1-S64A, as substrates. Extracts from wild-type (ppk18 + ) and Myc-tagged (ppk18-13myc) Ppk18 cells, treated for 1 hr with rapamycin in order to activate Ppk18, were immunoprecipitated with anti-c-Myc monoclonal antibodies. Ppk18-13myc immunoprecipitates were able to phosphorylate in vitro wild-type Igo1, but not Igo1-S64A Figure S2 .
(legend continued on next page) ( Figure S4A ), indicating that fission yeast Ppk18 can act as a greatwall kinase. To determine whether Ser64-phosphorylated Igo1 inhibits the PP2A$B55 (PP2A$Pab1 in fission yeast) phosphatase activity, we purified PP2A$Pab1 phosphatase from cells expressing GSTPab1 using glutathione sepharose beads and assayed them for phosphatase activity. Wild-type Igo1 thiophosphorylated in vitro at Ser64 by Xenopus Greatwall, but not Igo1-S64A, inhibited more than 90% the phosphatase activity of PP2A$Pab1 (B55) (Figures S4B and S4C ). This result indicates that Ser64-phosphorylated Igo1 inhibits the activity of PP2A$B55, analogous to the situation in budding yeast [27, 28, 35] and animal cells [8, 9] .
The Greatwall-Endosulfine Pathway Works Independently of Sty1 and Pom1-Cdr1/2 Two pathways, the Sty1 (also known as Spc1 or Phh1) stress response MAP kinase pathway and the cell-geometry-sensing Pom1 kinase pathway, regulate the activity of Wee1 and Cdc25 in fission yeast. Sty1 can be activated by nutrient deprivation to advance entry into mitosis by phosphorylating and recruiting the Polo kinase (Plo1) to the spindle-pole body, where it activates Cdk1 [13, 36] . The activity of Sty1 is in balance between the activating phosphorylation by Wis1 MAP kinase kinase and the inhibitory dephosphorylation by Pyp1 and Pyp2 phosphatases [37, 38] . Nitrogen shift-down from glutamate to proline (but not complete nitrogen starvation) reduces the activity of the Pyp2 phosphatase, which seems to be responsible for Sty1 activation [13] . The cell geometry pathway maintains Wee1 active until the cell reaches a certain length. Cdr1 and Cdr2 are two Wee1-inhibitory kinases located in the cortical nodes in the middle of the cell, which are themselves inhibited by Pom1, another kinase that is present as a gradient along the long axis of the cell. In G2, Pom1 inhibits Cdr1 and Cdr2, and Wee1 is active. When the cell reaches a certain size, Pom1 located at the poles no longer inhibits Cdr1 and Cdr2, and Wee1 is inhibited, triggering mitosis [39, 40] .
In order to test whether PP2A, Sty1 and Pom1 are on the same pathway or not, Navarro and Nurse [18] measured the length of the double mutants ppa2D sty1D and ppa2D cdr1D and compared them with the length of the single mutants. Deletion of ppa2 reduced the cell size of both the sty1D and cdr1D cells, indicating that Ppa2 acted in G2 independently of Sty1 and Cdr1. Moreover, the double mutant cdr1D sty1D was viable and divided with a larger size than any of the parental strains [18] . We have reached similar conclusions, since the double mutants igo1D sty1D and igo1D cdr1D (Table S2) were larger than the single mutants, indicating that the greatwall-endosulfine pathway functions independently of the Sty1 and the Pom1-Cdr1/Cdr2 pathways to regulate cell size at division.
Mathematical Modeling
Our data suggest that the greatwall-endosufine-PP2A pathway regulates mitotic commitment in fission yeast by counteracting Cdk1 auto-activation controlled by inhibitory phosphorylation. We tested this proposal by extending a mathematical model of the fission yeast cell cycle [41] with a kinetic description of the greatwall-endosufine-PP2A (Figures 7A and S5A) . The numerical simulations of wild-type and igo1D cell cycles are shown in Figures S5B-S5E . Wild-type cells become smaller in poor medium, while igo1D mutants divide at a larger size. Therefore, the G1 phase corresponding to high levels of Cdk1 inhibitor (Rum1) is extended in poor medium for the wild-type, but not for igo1D mutants.
Since cell-cycle progression is driven by cytoplasmic growth and is regulated by size-control mechanisms, it is convenient to plot Cdk1 activity as a function of cell size instead of time. In rich medium, during the interphase of wild-type cells, PP2A activity is close to its maximum value observable in igo1D mutants ( Figures S5B and S5C) . High PP2A activity raises the mitotic size threshold by opposing the phosphorylation of Wee1 and Cdc25 by Cdk1. Therefore, wild-type cells in rich medium and igo1D mutants in both rich and poor media divide at a large size and give birth to cells above the critical size for S phase, which makes G1/S size control cryptic (blue trajectories in Figures 7B and 7C ). When cells are shifted to poor medium, greatwall inhibition by TOR is partially lifted, which results in an inhibition of PP2A by Igo1 in wild-type cells. PP2A inhibition reduces the mitotic size threshold, which allows G2 phase cells to activate Cdk1 prematurely and enter into M phase ( Figure 7D ).
DISCUSSION
Here we show that the greatwall (Ppk18)-endosulfine (Igo1)-PP2A pathway is part of the mechanism that links cell growth with cell division to maintain cell size homeostasis in fission yeast. In multicellular organisms, the greatwall-endosulfine pathway promotes entry into mitosis by inhibiting the PP2A$B55 protein phosphatase [8, 9] , which dephosphorylates Cdk1$Cyclin B target proteins, including Cdc25 and Wee1 [42, 43] , thus preventing the autocatalytic amplification of Cdk1$Cyclin B [44] . In budding yeast, Rim15 (greatwall) and its substrates Igo1 and Igo2 (endosulfines) are required for G1 arrest [45] and entry into quiescence (G0) in response to nutritional ) were used as a negative control for mating. The numbers under the gels in (B), (E), and (J) indicate the Igo1-P/Igo1 ratio. See also Table S1. deprivation by promoting the expression and stability of specific genes that are important for the G0 program [27, 28, 46] . This pathway in budding yeast is also required for timely entry into mitosis under temperature stress [35] . However, in S. cerevisiae, PP2A$B55 promotes, rather than prevents, entry into mitosis [47] , which is the opposite to the role of PP2A$B55 in animal cells and fission yeast.
We have also found that fission yeast greatwall (Ppk18) is under nutritional control by TORC1. When nitrogen is abundant, active TORC1 inactivates greatwall (Ppk18) by phosphorylation, presumably by activating the Sck2 S6 kinase, and PP2A$B55 is active. Thus, cells grow to a larger size in G2 before they enter mitosis. When nutrients are scarce, TORC1 and Sck2 activity drop off, relieving the inhibition on greatwall (Ppk18), which now phosphorylates endosulfine (Igo1) to inhibit PP2A$B55. Low PP2A$B55 activity allows entry into mitosis with a reduced size. Thus, fission yeast greatwall (Ppk18) and endosulfine (Igo1) are required for the advancement of mitotic onset and cell size reduction that take place after nutrient deprivation or starvation ( Figure 7 ).
In agreement with this idea, moderate overexpression of greatwall (Ppk18) in rich medium (MMGlu) generated small cells ( Figures 3A and 3B) , similar to the overexpression of cdc25 [20] or the lack of wee1 [21] , indicating that the activity of greatwall is rate limiting for entry into mitosis. These cells expressing high levels of Ppk18 underwent cell division with a shorter G2 and a longer G1 than the wild-type, presumably because the increase in Ppk18 levels titrates out its endogenous upstream negative regulators, TORC1 and Sck2. Collectively, these observations suggest that entry into mitosis is promoted by the combined activation of Cdk1$Cyclin B and inactivation of PP2A$B55. Thus, in poor medium, the greatwall-endosulfine pathway tilts the Cdk1$Cyclin B/PP2A$B55 balance to accelerate entry into mitosis.
The TOR pathway also controls cell size in Drosophila and mammalian cells. Flies fed with a nutrient-restricted diet are small, as a consequence of a reduction in cell size, rather than in cell number [5] . Loss of function mutations in Drosophila and mice S6 kinase 1 (S6K1) leads to smaller animals with smaller cells [5, 48] . Inhibition of TOR with rapamycin or by silencing mTOR or Raptor in tissue culture cells reduces cell size in many cell types, including HEK293T [4] , rat1.a fibroblasts, and Table S1 .
U2OS human osteosarcoma cells [3] . Together, these experiments clearly indicate that the function of TOR-S6 kinase in cell size control is evolutionarily conserved in flies and mammals. Therefore, it will be important in the future to test whether the mechanism described here is also conserved in multicellular organisms.
EXPERIMENTAL PROCEDURES Fission Yeast Strains and Methods
The fission yeast strains used in this study are listed in the Supplemental Experimental Procedures. Fission yeast cells were grown and manipulated genetically according to standard protocols [49] . Genetic crosses were performed on malt extract agar plates. Cells were typically grown overnight at the appropriate temperatures in yeast extract supplemented with adenine, leucine, histidine, lysine, and uracil (YES) and then transferred to Edinburgh minimal medium containing either 93. Rapamycin (Sigma-Aldrich) was added to fission yeast cells growing in YES to a final concentration of 220 nM from a stock solution of 110 mM in DMSO. Cells treated only with DMSO were used as controls. Torin was added at a concentration of 25 mM from a stock solution of 7.5 mM in DMSO. All experiments were performed with prototrophic strains to avoid the addition of supplements (amino acids or uracil) to the minimal medium, which could be used as a nitrogen source.
nmt1 Constructions A PCR-based strategy was used to insert the nmt1(41) promoter to express GFP fused to Ppk18 at the ppk18 + genomic locus, the nmt1 (41) Table S1 .
regions flanking the respective initiation codons were used to amplify the P41nmt1-GFP-kanMX6, P41nmt1-kanMX6, and P3nmt1-kanMX6 sequences from plasmids pFA6a-P41nmt1-GFP-kanMX6, pFA6a-P41nmt1-kanMX6, and pFA6A-P3nmt1-kanMX6, and the PCR products were used to transform a wild-type strain h-972. Cells expressing nmt1 (41) :GFP:ppk18, nmt1 (41) :cek1, nmt1:sck1, nmt1:sck2, or nmt1:psk1 constructions were grown on YES and then transferred to MMGlu containing 5 mg/ml of thiamine to repress expression from the nmt1 promoter. For induction, cells were washed three times in MMGlu and incubated overnight at 25 C in MMGlu.
Site-Directed Mutagenesis of igo1 + The 1.1 kb BamHI-EcoRI genomic fragment containing the igo1 + gene flanked by endogenous promoter and terminator sequences was cloned from genomic DNA into pBluescriptSK + to obtain pBS-igo1 + . Site-directed mutagenesis by PCR was performed to change the serine 64 to alanine using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). The resulting plasmid was pBS-igo1-S64A, which was confirmed by DNA sequencing. The BamHI-EcoRI fragment was isolated by digestion and used to transform the h-igo1::ura4 + (S2339) strain. After 5-fluoro-orotic acid counter-selection, S. pombe transformants of mutagenized igo1 + were identified and further confirmed by PCR analysis followed by direct sequencing of PCR products.
Site-Directed Mutagenesis of ppk18
+
The ppk18 + gene flanked by endogenous promoter and terminator sequences was amplified from genomic DNA and cloned into pGEM-T-easy to obtain pGEM-T-easy-ppk18 + . The plasmids pGEM-T-easy-ppk18 K595A (kinase dead, KD), pGEM-T-easy-ppk18 S1010A/S1012A (2A-S6K), pGEM-Teasy-ppk18
S498A/T587A/S1020A/S1141A
(4A-PKA/S6K), and pGEM-T-easyppk18 S498A/T587A/S1010A/S1012A/S1020A/S1141A (6A-PKA/S6K) were constructed by site-directed mutagenesis by PCR with the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies). Mutations were confirmed by DNA sequencing, and, after plasmid digestion, DNA fragments containing the mutated gene were used to transform the h + ppk18::ura4 + ura4-D18 leu1-32 ade6-M210 (S2460) strain. Fission yeast transformants containing the mutagenized ppk18 + were identified by 5-fluoro-orotic acid counter-selection and further confirmed by PCR analysis and sequencing.
Cell Size Measurements 200 ml of cells in the exponential phase were washed in PBS and resuspended in 3 ml of 50 mg/ml blankophor (Bayer) and 2 ml of PBS and examined under a Nikon Eclipse 90i fluorescence microscope equipped with a Plan/Apo 603 oil objective lens and a Hamamatsu ORCA-ER Camera. Live images were acquired with MetaMorph software (Molecular Devices). Cell length was measured from pictures of 100 septated cells using ImageJ (NIH). Average cell length and SDs were determined in 100 cells, and comparison between strains was accomplished using an independent and paired-sample t test.
Statistical Analysis
Student's t tests were used to calculate significance differences between two groups. 
